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Porous carbons are promising materials for supercapacitor electrodes owing to their excellent electrical
conductivity, high surface area, unique porous networks, and superior chemical inertness. This article

summarizes the recent development of block copolymer-based porous carbons for supercapacitor

electrodes. We first introduce the fundamentals of supercapacitors and block copolymers, followed by

representative examples to highlight the use of block copolymers for fabricating porous carbons that

have morphologies unattainable by other strategies. Instead of a comprehensive review, the article
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surveys papers published within the past five years. We discuss block copolymer-based porous carbons

in the formats of zero-dimensional powders, one-dimensional fibers, two-dimensional films, and three-

DOI: 10.1039/c9ta07770g

rsc.li/materials-a

1. Introduction

The increasing demand for modern electronics calls for reliable
and high-performance energy storage devices. Supercapacitors
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dimensional monoliths. In the end, the article presents a few challenges and opportunities associated
with the application of block copolymers for supercapacitors.

stand out owing to their ultrahigh power densities (>5000 W
kg™") and ultralong lifetimes (millions of charge-discharge
cycles).”” An example application is ancillary power for electric
vehicles that harvest energy from braking and provide boosts
during start or acceleration.® Porous carbons are exceptional
supercapacitor electrode materials because of their excellent
electrical conductivity, large specific surface areas, outstanding
structural tunability, and chemical inertness at room tempera-
ture.*® Carbon materials store electrical energy mostly via
electrical double layers (EDLs) at the electrode/electrolyte
interfaces (Fig. 1a). An EDL consists of an inner Helmholtz
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layer (IHL) where ions distribute along the electrode surface to
counter-balance surface charges, and an outer Helmholtz layer
(OHL) of ions with charges opposite to those in the IHL. The
charge-storage capacity of a carbon electrode, quantified by
capacitance (Cgpy), is directly proportional to the ion-accessible
surface area (S) of the electrode,

_&0&S
CepL = ] (1)

where ¢, ¢, and d represent the vacuum permittivity (8.854 x
107"* F m ™), relative permittivity of electrolyte, and distance
between ions in the IHL and charges on electrodes, respectively.
For a given electrode-electrolyte system, &, &, and d are
constant. Advanced EDL models (e.g., Gouy-Chapman model”)
present more accurate equations than eqn (1) for Cgpr, but the
direct proportionality between Cgpy, and S still holds. Therefore,
porous carbons exhibit higher capacitances than their non-
porous counterparts due mainly to the additional surface
areas offered by the pores.

Rate capability, which measures how capacitance is retained
at high discharge rates, is an important performance metric for
energy storage devices. A high rate capability is indispensable
for the high-power densities of supercapacitors. Electrode
materials must respond timely to fast charging and discharging
processes to achieve high rate capabilities, which demands low
electrical resistance and fast ion diffusion kinetics. Because
carbon materials generally have small electrical resistances, ion
diffusion usually becomes the bottleneck and thwarts rate
capabilities.®® Quantitatively, the time (¢) for a species with
a diffusion coefficient D to diffuse a distance of L is

L2

r= ) (2)

where ¢ is a dimensionality-dependent constant (g = 2, 4, or 6
for one-, two-, or three-dimensional diffusion, respectively).
Meso and macro-pores in porous carbons could function as
electrolyte reservoirs that hold ions close to electrode surfaces,
which significantly reduces L, and therefore, shortens ion
diffusion time and improves rate capability.’
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Electrochemical cells (Fig. 1b and c) are often employed to
evaluate the capacitances and rate capabilities of super-
capacitors. The three-electrode testing configuration (Fig. 1b)
probes the electrochemical performance of a single electrode. It
consists of a working electrode containing the material of
interest, a reference electrode providing a reference potential
for the working electrode, and a counter electrode to complete
the electric circuit. The two-electrode testing configuration
(Fig. 1c) evaluates the performances of supercapacitor proto-
types. This setup resembles an actual electrochemical device,
with two electrodes—a positive electrode and a negative elec-
trode—placed face to face in an electrolyte. Aqueous, organic
solutions, and ionic liquids are the mostly used electrolytes.'®
Gel or solid electrolytes are for flexible or solid-state
supercapacitors.™

This article presents the recent development of porous
carbons derived from block copolymers for use in super-
capacitor electrodes. Block copolymers are excellent in making
porous carbons with tailorable morphologies and outstanding
capacitive performances. We will discuss the versatile roles of
block copolymers by introducing their self-assembly behaviors
(Section 2) and the examples of block copolymer-based porous
carbon electrodes (Section 3). Specifically, Section 3 is divided
into three sub-sections according to the material dimensional-
ities, including zero-dimensional porous powders, one-
dimensional fibers, two-dimensional films and sheets, and
three-dimensional monoliths and aerogels. Each sub-section
covers the syntheses, structures, and capacitive performances
of the corresponding carbon materials. Two representative
examples are given in each subsection for illustration. Lastly, we
describe potential future directions and associated challenges
of designing block copolymer-based porous carbon super-
capacitor electrodes (Section 4).

2. Block copolymers

Homopolymers are polymers made of only one type of mono-
mer. Differently, block copolymers are composed of two or more
homopolymers covalently bonded together (Fig. 2a). Based on
the numbers of the constituent blocks, linear block copolymers
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Fig. 1 Schematic illustrations of (a) an electrical double layer. IHP: inner Helmholtz layer; OHP: outer Helmholtz layer, (b) a three-electrode
electrochemical cell, and (c) a two-electrode electrochemical cell. Panel (a) is reproduced with permission from ref. 9. Copyright 2017, Royal

Society of Chemistry.
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Fig. 2 (a) The structure of a linear di-block copolymer. (b) A core—
shell micelle formed by linear di-block copolymers. (c) Increasing the
volumetric fraction of one block (fa) in a di-block copolymer results in
morphologies such as cubic spheres, hexagonally packed cylinders,
gyroids, and lamellae. (d) Examples of porous carbon structures after
pyrolysis of block copolymers. The red and blue domains are sacrificial
and carbon-generating blocks, respectively.

are categorized into di-block copolymers, tri-block copolymers,
and multi-block copolymers.** Block copolymers are usually
synthesized by polymerizing one block, followed by growing
additional blocks from the reactive end(s) of pre-synthesized
block(s). Widely practiced synthesis methods of block copoly-
mers include atom transfer radical polymerization (ATRP),*
reversible addition fragmentation chain transfer (RAFT) poly-
merization,** living cationic/anionic polymerization,*'® and
ring-opening metathesis polymerization (ROMP)."”

The renowned characteristics of block copolymers are their
capability of nanoscale phase-separation and self-assembly into
thermodynamically equilibrated morphologies. Because the
constituent polymers are immiscible, polymer blocks of iden-
tical compositions aggregate and repel the foreign blocks if
given sufficient energy and repulsion force, leading to distinct
mesoscale structures such as core-shell micelles (Fig. 2b). Three
factors determine the self-assembled morphologies, including
the dimensionless Flory-Huggins interaction parameter ()
correlating with the free-energy cost per monomer upon mixing
different blocks, total degree of polymerization (or molecular
weight) (N), and volumetric fraction of one block (f;).*> For A-B
di-block copolymers, when the product of y and N exceeds
a threshold value (the so-called order-disorder transition (ODT)
limit), they self-assemble into cubic (or spherical), hexagonal,
gyroidal, and lamellar structures depending on f, (Fig. 2c). Tri-
block or multi-block copolymers form more complicated
morphologies than di-block copolymers.*®

Block copolymers are versatile precursors for generating
porous carbons. For example, in a di-block copolymer, if one
block has a high carbon yield or is infiltrated with precursors of
high carbon yields (blue blocks in Fig. 2d) and the other block is
thermally volatile (red blocks in Fig. 2d), after pyrolysis the
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block copolymers generate porous carbons replicating the self-
assembled mesoscale structures (Fig. 2d). The domain sizes are
tunable by the block copolymer molecular weight,**** solvents
used in solvent annealing,” and pyrolysis temperatures.”>*
Because the sizes of the block copolymer domains are on the
mesoscale, the pores after pyrolysis are dominantly mesopores.
These mesopores, together with micropores that can be created
by physical and chemical activation,” and macropores from
templating methods,” macro-phase separation,” and 3D
printing,?® collectively build hierarchically porous networks that
bestow ultrahigh surface areas and ultralow ion diffusion
resistances.

3. Block copolymer-based porous
carbon electrodes
3.1 Zero-dimensional porous carbon powders

Zero-dimensional porous carbon powders are facilely produced
from block copolymers because block copolymers are often
prepared in powders. In the context of porous carbons, block
copolymers are either employed as sacrificial templates for pore
generation (the so-called “soft-template” method) or directly
carbonized into porous carbons.

Pluronic F127 is a widely used block-copolymer template for
making porous carbon powders. It is a hydrophilic, non-ionic
surfactant composed of a middle hydrophobic polypropylene
oxide (PPO) block (~56 kDa) and two hydrophilic polyethylene
oxide (PEO) flank blocks (~101 kDa each). Because Pluronic
F127 has a low carbon yield, it is often blended with synthetic
carbon precursors such as phenolic resin,** resorcinol resin,*
melamine-formaldehyde resin,*® m-aminophenol,*” and poly-
pyrrole,*® or natural carbon precursors such as lignin,*® starch,*
and fructose.”*> Upon mixing, Pluronic F127 self-assembles
into nanostructures together with the carbon-precursors.
Subsequent pyrolysis removes Pluronic F127 and leaves
behind uniform and closely packed mesopores.

Because Pluronic F127 offers limited tunability in pore size
and pore arrangement, researchers have used other block
copolymers such as polystyrene-block-polyethylene oxide (PS-b-
PEO)** and polystyrene-block-poly(4-vinyl pyridine) (PS-b-
P4VP)*® to tune the porous structures. An example is hollow
carbon nano-bowls derived from PS-b-PEO (Fig. 3).** In a mixed
solvent of dioxane and water, PS-b-PEO self-assembled into
collapsed vesicles (Kippah vesicles) comprising PEO coronas
and PS walls (Fig. 3a). Afterward, dopamine was polymerized to
form a uniform coating of polydopamine on the surfaces of the
vesicles. After pyrolysis at 900 °C, the carbonization of poly-
dopamine and the removal of PS-b-PEO resulted in hollow bowl-
shaped carbon particles with a wall thickness of 20-30 nm
(Fig. 3b and c). Compared with spherical analogs, the bowl-
shaped particles showed reduced electrical contact resistance
due to the large contact areas with adjacent particles. Addi-
tionally, the hollow structure with porous walls enlarged the
ion-accessible surface area and facilitated ion diffusion. As
a result, the hollow bowl-shaped carbon particles exhibited
a gravimetric capacitance approaching 200 F ¢ ' at 10 A g™},

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Synthesis of bowl-shaped, nitrogen-doped carbon hollow particles (BNCHPs) from polydopamine using a PS-b-PEO template. (b) SEM
and (c) TEM images of a representative BNCHP. T and T, are the thicknesses of the shell and core, respectively. (d) Rate capabilities of BNCHP
and nitrogen-doped hollow carbon spheres (NCHs). Reproduced with permission from ref. 43. Copyright 2016, Royal Society of Chemistry.

more than three times higher than that of hollow carbon
spheres at identical current density (Fig. 3d).

Direct synthesis of porous carbons from block copolymers is
efficient because it eliminates the steps of dispersing and
removing templates. To be suitable carbon precursors, block
copolymers must consist of a polymer block with a high carbon
yield, for example, polyacrylonitrile (PAN)'*2°23475° and poly-
imides.*** These high carbon-yield polymers are coupled with
sacrificial polymers that decompose at elevated temperatures,
such as poly(n-butyl acrylate) (PBA),"**” poly(methyl methacry-
late) (PMMA),*****° and PS.****** For example, Kowalewski,
Matyjaszewski, and co-workers demonstrated a sulfur-
stabilization approach to synthesize N/S co-doped meso-
porous carbon powders from PAN-b-PBA.*” A critical step to
ensure a high carbon yield is to stabilize PAN at temperatures
ranging from 150 to 400 °C in an oxygen-containing atmo-
sphere. The stabilization step cyclizes and crosslinks PAN
chains; however, it partially degrades the sacrificial blocks and
damages the porous structures of carbon powders. The authors
re-designed the stabilization step by switching the stabilizing
agent from oxygen to sulfur (Fig. 4a). In comparison with air-
stabilized PAN-b-PBA (CTNC,), the sulfur-stabilized PAN-b-
PBA (CTNC;s) produced carbons containing well-resolved mes-
opores (Fig. 4b) with a narrower pore size distribution (Fig. 4c),
owing to the coordination between sulfur and PBA that
preserved the phase-separated domains during oxidation. Ulti-
mately, the N/S co-dopants and well-developed mesopores
offered CTNCg a high gravimetric capacitance of 236 F g " at
0.1 A g ' (Fig. 4d).

3.2 One-dimensional porous carbon fibers

Carbon fibers are promising electrode materials for portable
and wearable supercapacitors. Compared to zero-dimensional

This journal is © The Royal Society of Chemistry 2019

particles, one-dimensional fibers provide continuous electron
conduction pathways with a small electrical resistance. Addi-
tionally, the ultrahigh aspect ratio (length to diameter) of
carbon fibers provides a large ion-accessible surface area and
reduces the ion diffusion distance; the latter is critical for high
rate capabilities. Moreover, carbon fibers are weavable into
fabrics, allowing for uses in smart textiles and wearable
electronics.>

Block copolymer-based porous carbon fibers strengthen the
inherent advantages of carbon fibers by introducing additional
surface areas from microphase separation and improving ion
diffusion kinetics. Typically, block copolymers are first made
into polymer fibers**** by solution spinning,® melt spinning,**
and electrospinning.®* By drawing charged polymer solutions
into fine threads under a high voltage, electrospinning is the
most widely adopted method for synthesizing block copolymer
fibers. The polymer fibers are then carbonized into porous
carbon fibers.

Our group has demonstrated the use of poly(methyl meth-
acrylate)-block-polyacrylonitrile (PMMA-b-PAN) to create porous
carbon fibers (PCFs) with highly uniform mesopores inter-
connected with micropores. The porous carbon fibers are
directly used as high-performance supercapacitor electrodes®®
or as highly conductive supports for pseudocapacitive materials
such as manganese dioxide (MnO,).”” Taking advantage of the
microphase-separation between PMMA and PAN [Fig. 5a(1 and
2)], the PCFs possessed uniform mesopores interconnected
with micropores in a continuous carbon fiber network (Fig. 5b).
Impressively, the uniform mesopores supported a large amount
of MnO, without clogging the ion diffusion [Fig. 5a(3)],
ensuring effective and efficient ion transport within the porous
carbon network. A large surface area of >500 m*> g~ ' and rich
dopants of nitrogen and oxygen inherited from PAN

J. Mater. Chem. A, 2019, 7, 23476-23488 | 23479
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(a) Synthesis of porous carbon powders from O,- or S-stabilized PAN-b-PBA (CTNCo or CTNCs). (b) TEM image of a mesoporous CTNCs

particle. (c) Pore size distributions of CTNCo, CTNCs, and porous carbon powders from N,-stabilized PAN-b-PBA (CTNCy). Because PAN cannot
be adequately stabilized under N, pore collapsed and CTNCy, showed little pore volume. (d) Rate capabilities of CTNCo, CTNCs, and CTNCy in

6 M aqueous KOH solutions. Reproduced with permission from ref. 47.

stabilization contributed to a high specific capacitance of 360 F
g tat1Ag ', which surpassed the state-of-the-art carbon fibers
with comparable or higher surface areas (Fig. 5c). The PCF-
supported MnO, electrodes (PCF@MnO,) reached a high
mass loading approaching 7 mg cm™? (Fig. 5d). After loading
MnO,, the electrode still retained unclogged mesopores to
facilitate ion diffusion and achieved outstanding gravimetric
and areal capacitances superior to recently reported MnO,-
based electrodes with various mass loadings (Fig. 5e).

Besides electrospinning, Kang et al. utilized a hard-template
method to fabricate self-standing porous carbon fibers from PS-
b-PEO (Fig. 6a).*® They blended resol (a carbon precursor) with
PS-b-PEO and infiltrated them into vertically aligned macro-
pores of a piece of anodized aluminum oxide (AAO) film. After
pyrolysis of the polymers and removal of the AAO template, the
resol-containing PS-b-PEO generated self-standing ordered
mesoporous carbon fiber arrays (OMC-NA) (Fig. 6b). The
uniform mesopores resulted from the gasification of PS-b-PEO
(Fig. 6c). N,-physisorption revealed that the pore size was
narrowly distributed and showed a peak at ~30 nm. The aligned
carbon fiber arrays and uniform mesopores in each fiber facil-
itated electron conduction and ion diffusion. At current densi-
ties higher than 10 A g~', OMC-NA exhibited gravimetric
capacitances more than four times those of porous carbon
powders (OMC-BP) and nearly twice those of unsupported
porous carbon fibers (OMC-BW) (Fig. 6e).

3.3 Two-dimensional porous carbon films and sheets

The capacitive performances of two-dimensional sheets are often
compromised by the aggregation between adjacent layers and the
impeded ion diffusion in the out-of-the-plane direction. Creating
pores penetrating these sheets is an efficient method to avoid the

23480 | J Mater. Chem. A, 2019, 7, 23476-23488
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drawbacks. Sheet-penetrating pores open the diffusion channels
among neighbouring layers and thus significantly speed up the
ion diffusion.” This method has been effective in ensuring fast-
charging capability and ultrahigh power density.

Depositing block copolymers on two-dimensional substrates
is a common strategy to synthesize porous carbon sheets. For
example, graphene oxide (GO) is adopted as a substrate because
of its two-dimensional nature and rich surface oxygen-
functionalities to firmly anchor block copolymers.”””* Upon
pyrolysis, the GO templates are reduced to electrically conduc-
tive reduced graphene oxide (rGO) sheets that support the block
copolymer-derived porous carbon films. These porous carbon
sheets are typically sub-nm thick and tend to self-stack, which
reduces their ion-accessible surface areas. To mitigate this
problem, Xi et al. chose MgAl-layered double hydroxide (LDH)
sheets with a relatively large thickness of 10 nm and weak inter-
sheet interactions (Fig. 7a).”* They first assembled resol-
infiltrated Pluronic F127 micelles onto the basal planes of the
LDH nanosheets and then crosslinked the resols via a hydro-
thermal reaction. Afterward, the crosslinked resol/LDH sheets
were carbonized at 700 °C under N, and washed with acid to
dissolve the LDH sheets. The resultant carbon sheets exhibited
hexagonally packed mesopores (Fig. 7b) and showed promising
capacitive behaviors, as reflected by their quasi-rectangular
cyclic voltammograms across a broad range of scan rates from
30 to 3000 mV s~ (Fig. 7c).

Template-free methods, including solution casting,”>”>”” flow
casting,”® and spin coating,” are powerful for fabricating block
copolymer-based porous carbon sheets. Generally, these methods
spread block copolymer solutions onto flat substrates and rapidly
remove the solvents to form thin films. For example, our group
demonstrated a solution cast method of PMMA-b-PAN thin films

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Synthesis of PMMA-b-PAN based porous carbon fibers (PCFs) and MnO,-coated PCFs (PCF@MnO,). PMMA-b-PAN was first electro-
spun into block copolymer fibers (1), thermally annealed to trigger the self-assembly into bi-continuous interpenetrating PMMA (red) and PAN
(blue) domains (2), pyrolyzed to PCFs (3), and soaked in KMnO,4 aqueous solutions to deposit MnO, on the surfaces and inside pores (4). (b) SEM
images of PCFs showing the uniform mesopores on the fiber surface. (Inset) A cross-section SEM image showing the interconnected pores inside
the fiber. (c) The gravimetric capacitance and specific surface area of PCFs in comparison with those of state-of-the-art porous carbon fiber
electrodes. (d) SEM images of PCF@MnOs. (Inset) A high-magnification SEM image highlighting the MnO, nanosheets on PCF. (e) Comparison of
areal capacitances and gravimetric capacitances of PCF@MnO, with state-of-the-art porous carbon-MnO, composite electrodes. (I) wood-
derived porous carbon@MnO,;%* (Il) hierarchical MnO, on carbon cloth;®® (lll) carbon nanotube (CNT)@MnO,;% (IV) activated carbon-coated
CNT@MnO,;% (V) CNT-wrapped polyester fiber@aMnO,;%® (VI) carbon nanofoam@MnO,.%° Open and solid squares represent capacitance based
on entire masses and MnO, masses, respectively. Panels (a), (d), and (e) are reproduced with permission from ref. 57. Copyright 2019, Springer
Nature. Panels (b) and (c) are reproduced with permission from ref. 56. Copyright 2019, American Association for the Advancement of Science.

and thermally pyrolyzed them into mesoporous carbon films with  (Fig. 8c). The surface area and pore volume of the porous carbon

controllable pore sizes and pore-to-pore distances.” films peaked at 5 wt% of PAN-b-PMMA-b-PAN, resulting in a high
Ran et al. spin-coated a polymer blend of PAN-b-PMMA-b-PAN  specific capacitance and rate capability (Fig. 8d).

and PAN in N,N-dimethyl formaldehyde (DMF) (Fig. 8a). The as-

coated films were immediately submerged in a coagulation bath

of distilled water to solidify the film. Carbonization of the solidi- 3-4 Three-dimensional porous carbon monoliths and

fied film followed by nitric acid corrosion generated a porous A€rogels

carbon film. The macropores in the cross-sectional SEM were Three-dimensional porous carbons are suitable for high-power

induced by coagulation (Fig. 8b), and the abundant mesopores electrochemical energy storage because their three-dimensional

were caused by the microphase separation of PAN-b-PMMA-b-PAN  hierarchically porous networks provide large ion-accessible

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. A, 2019, 7, 23476-23488 | 23481
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(a) Synthesis of ordered mesoporous carbon fiber arrays (OMC-NA) from resol-infiltrated PS-b-PEO confined in an anodic aluminum

b) SEM image of OMC-NA. (c) TEM image of representative mesoporous
The pore size distribution of OMC-NA. (e) Gravimetric capacitances of

OMC-NA at various current densities, in comparison with unsupported mesoporous carbon fibers (OMC-BW) and mesoporous carbon powder

(OMC-BP) in a 2 M aqueous H,SO, electrolyte. Reproduced with perm

surface areas and small ion diffusion resistances. Block
copolymer-based three-dimensional porous carbons are
primarily derived by carbonization of organic matrices
embedded with Pluronic block copolymers, e.g., F127 (PEO; ¢¢-b-
PPO,(-b-PEO,06),"* F68 (PEO,-b-PPO,o-h-PEO),* and P123
(PEO,0-b-PPO5(-b-PEO,,).** Other thermally liable block copol-
ymers such as polystyrene-block-poly(acrylic acid) (PS-b-PAA)*
are occasionally used. The carbon precursors are mostly
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phenolic resins,®**®*>*® carbides,** and GO sheets.*»®” Other
heteroatom-rich organic compounds, such as
formaldehyde resins,* dicyandiamide,® 2-thiophenecarbox-
aldehyde,®* cysteine,*” polydopamine,*” and melamine,® have
been blended with carbon precursors to introduce heteroatoms
into the carbon matrices. These dopants give rise to pseudo-
capacitance and accelerate electron transfer at electrode-elec-
trolyte interfaces.

urea-
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Fig.7 (a) Synthesis of ordered mesoporous carbon sheets (OMCS) from resol-infiltrated Pluronic F127 and MgAl-layered double hydroxide (LDH)
sheet templates. (b) SEM image of OMCS. (Inset) The hexagonal pattern of Pluronic F127-induced mesopores. Scale bar: 25 nm. (c) Cyclic
voltammograms of OMCS at scan rates from 30 mV s~* to 3000 mV s™*. Reproduced with permission from ref. 74. Copyright 2018, American
Chemical Society.

Block copolymers are used in conjunction with hard- obtain three-dimensional multiscale hierarchically porous
templates (e.g., titanium dioxide® and silica®**), poor solvent- structures. For example, Peng et al reported a three-
induced phase separation® or post-pyrolysis activations®”* to dimensional graphene aerogel with uniform mesopores
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Fig. 8 (a) Synthesis of activated hierarchical porous carbon (AHPC) from a blend of PAN-b-PMMA-b-PAN (0—-8 wt%) and PAN (15 wt%). (b) Side-
view and (c) top-down SEM images of AHPC-5 ("5" denotes the mass percentage of the block copolymer in wt%). (d) Rate capabilities of various
AHPC electrodes (AHPC-x, x represents the mass percentage of the block copolymer in wt%) in a 1 M aqueous Na,SO,4 electrolyte. Reproduced
with permission from ref. 79. Copyright 2016, Elsevier.
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of KNOSC sheet. (Inset) A photograph showing the lightweight feature of KNOSC. (d) The rate capability of KNOSC in comparison with other
state-of-the-art porous carbon electrodes. Reproduced with permission from ref. 87. Copyright 2019, Wiley Publishing Group.
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Fig. 10 (a) Schematics of sequential assembly of a three-dimensional energy-storage device based on a piece of double gyroidal carbon from
polyisoprene-block-polystyrene-block-polyethylene oxide (PIO-b-PS-b-PEO) infiltrated with phenol-formaldehyde resols. Black: carbon
(anode); blue: poly(phenylene oxide) (electrolyte); red: sulfur blended with poly(3,4-ethylene dioxythiophene) (cathode). (b) SEM image of the
assembled device. (Inset) Elemental mapping of the imaged region. (c) A discharge profile (potential vs. capacity) of the assembled device upon
lithiation in an organic electrolyte (LiClO4 in 1,3-dioxolane and dimethoxyethane). Reproduced with permission from ref. 90. Copyright 2018,
Royal Society of Chemistry.
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created by a solution assembly strategy (Fig. 9a).*” First, Plur-
onic F127 micelles coated with polydopamine and cysteine were
deposited onto sheets of graphene oxide (GO) hydrogel. After-
ward, freeze-drying and carbonization converted the GO
hydrogels into reduced graphene oxide aerogels possessing
oxygen (from GO), nitrogen (from polydopamine) and sulfur
(from cysteine) heteroatoms. Finally, the aerogels were activated
by KOH to create micropores. SEM images showed that each
graphene sheet contained uniform and penetrating mesopores
derived from Pluronic F127 (Fig. 9b and c). The mesoporous
graphene aerogel delivered a high gravimetric capacitance of
~400F g 'at1Ag ' and retained ~300 F g~ ' when the current
density increased by 100 times (Fig. 9d). The excellent rate
capability is mainly correlated with three factors: (1) an ultra-
high surface area of 2685 m> g~ ' to form electrical double
layers; (2) a three-dimensional hierarchical porous network
involving micropores, mesopores, and inter-sheet macropores
to facilitate ion diffusion; (3) rich heteroatoms to enhance
electrolyte affinity and contribute pseudocapacitance.

Block copolymer-derived three-dimensional mesoscale
structures are promising nano-sized energy storage devices, as
demonstrated by Wiesner and co-workers.?® Although the device
is strictly not a supercapacitor, it is an excellent example of
block copolymer design for energy storage and adaptable into
supercapacitors. The authors first synthesized a gyroidal carbon
anode from  poly(isoprene)-block-poly(styrene)-block-poly(-
ethylene oxide) (PIO-b-PS-b-PEO) infiltrated with phenol-
formaldehyde resols. Then, they filled the porous anode with
a poly(phenylene oxide) polyelectrolyte and a sulfur-blended
poly(3,4-ethylene dioxythiophene) cathode (Fig. 10a). The
interpenetrating  anode/electrolyte/cathode  configuration
dramatically decreased the anode-to-cathode distance
(Fig. 10b), which increased the ion diffusion rate and the
packing density of active materials. Electrochemical tests
showed that the nanosized device could store lithium ions with
a stable voltage plateau of ~1.4 V vs. Li'/Li and an areal capacity
of 7.5 mA h em™” (Fig. 10c).

4. Conclusions and outlooks

We herein highlight examples of block copolymer-based porous
carbons for uses in supercapacitor electrodes. The literature
survey is based on the dimensionality of carbon. In all cases,
block copolymers are versatile materials as pore templates or
directly as carbon precursors. The capacitive performances
(gravimetric capacitance, rate capability, and cycling stability)
of the carbons discussed in this article are summarized in Table
S1 (ESIt). With the increasing need for energy storage, block
copolymers will continue to play an important role in advancing
the science of energy storage. Projecting forward, there are
numerous opportunities and challenges associated with
applying block copolymer-based porous carbon electrodes in
supercapacitors.

First, block copolymer-based porous carbons are integrable
with pseudocapacitive materials to boost the capacitances and
energy densities. Pseudocapacitive metal oxides have inherently
higher capacitance than electrical double layer capacitive

This journal is © The Royal Society of Chemistry 2019
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carbons but are usually electrically insulating and unstable after
extensive charge and discharge cycles. Integrating pseudoca-
pacitive materials with carbon that is electrically conductive and
electrochemically stable can mitigate these drawbacks. Intro-
ducing pseudocapacitive materials or their precursors into
block copolymers is an attractive integration method, but one
must be meticulous in preventing the guest materials from
interfering block copolymer self-assembly. Alternatively, pseu-
docapacitive materials can be directly deposited onto the
carbon matrices, but the mass loadings of the pseudocapacitive
materials must be tailored to ensure uniform deposition and
prevent pore blockage. Pseudocapacitance can also be provided
by heteroatoms (e.g., nitrogen and oxygen) from the carbon
precursors, for instance, melamine with 66.6 wt% of nitrogen.
The temperature and time of the pyrolysis step must be opti-
mized because they strongly affect the concentrations of
heteroatoms in the resultant carbons.>***

Second, it is full of potential, yet challenging, to employ
delicate structures of multi-block copolymers in super-
capacitors. Because a typical supercapacitor has at least two
electrodes and an electrolyte, it is possible to directly engineer
the three blocks of tri-block copolymers into the three compo-
nents of a supercapacitor. Such supercapacitors with nanoscale
and inter-penetrating electrodes can potentially exhibit high
areal and volumetric capacitances. Constructing nanoscale
supercapacitors from block copolymers demands high-quality
block copolymers to ensure excellent resolution of their self-
assembled structures. Synthesis methods of such block copol-
ymers could be developed from protocols of commercial multi-
block copolymers (e.g., Pluronic F127).

Third, direct pyrolysis of block copolymers into porous
carbons is facile in producing supercapacitor electrodes, but the
structures are mainly limited to disordered pores and may have
high structural tortuosity. Disordered pores are often caused by
the crosslinking of certain polymer blocks, e.g., PAN. While
crosslinking is essential for PAN to maintain a high carbon
yield, it inevitably limits the polymer chain mobility and leads
to non-ideal block copolymer phases.?” To obtain low-tortuosity
morphologies such as ideal lamellae, various self-assembly and
directed-assembly strategies are to be examined, such as solvent
vapor annealing,*>* shear force-induced phase separation,®*®
chemiepitaxy,’**® graphoepitaxy,”'* electric-field alignment,***
and magnetic-field alignment,'® which have achieved long-
range order block copolymer lamellae. These methods have
the potential to produce carbons with small ion diffusion
resistances. Additionally, the effect of mesopores on the
mechanical strength of porous carbon fibers remains unknown.
Further investigations on the mechanical strength of porous
carbon fibers are necessary. Potential structure-reinforcing
strategies are to bundle porous carbon fibers with non-porous
ones, or to develop carbon fibers of complex structures, such
as the non-porous core and porous sheath.

Last but not least, collaboration between experimentalists
and theorists can speed up the development of block copolymer
based porous carbons for energy storage. Theory and simula-
tions, e.g., density functional theory,'” can potentially predict
the self-assembly of block copolymers under complex
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conditions involving polymer compositions, processing
methods, and guest molecules (e.g., carbon precursors). Theo-
retical understanding of these parameters helps guide the
design and synthesis of block copolymer-based porous carbons
with well-controlled pore sizes, pore volumes, and surface areas.
The emerging technique of inverse design,'** which simulates
starting materials based on end-product functionalities, will be
instrumental in tailoring block copolymers with suitable
compositions to derive porous carbons for specific applications.
The persistent and collaborative efforts of practitioners from
diverse disciplines will continue to propel the advancement of
block copolymers in electrochemical energy storage.
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